Introduction
============

Liver fibrosis can be caused by a variety of etiological factors, including alcohol, viruses, metabolic, and congenital disorders. Chronic liver damage results in the accumulation of extracellular matrix (ECM) proteins that distorts the hepatic architecture by forming fibrotic scars and regenerative nodules eventually progressing to cirrhosis.^[@bib1]^ Liver fibrosis is a dynamic process characterized by abnormal ECM deposition and remodeling. Parenchymal and vascular remodeling in the liver is mediated by proteases secreted by hepatocytes, stellate cells, and endothelial cells.^[@bib2],\ [@bib3]^ Matrix metalloproteinases and cysteine cathepsins can proteolytically degrade components of the ECM and therefore have a critical role in the pathogenesis of liver fibrosis.^[@bib3],\ [@bib4]^ Lysosomal cysteine cathepsins are involved in the turnover and breakdown of intracellular proteins, ECM degradation, and tissue remodeling.^[@bib5]^ In particular, cathepsin L (CTSL) and cathepsin B (CTSB) have been implicated in various ECM-related disorders, such as dilated cardiomyopathy, lung fibrosis, proteinuric renal disorders, cancer, and osteoporosis.^[@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ Interestingly, CTSB has been shown to have an important role in various models of liver injury, including tumour necrosis factor-α-mediated hepatocyte apoptosis,^[@bib11]^ free fatty acid--induced liver damage,^[@bib12]^ hepatic ischemia--reperfusion injury,^[@bib13]^ and cholestasis.^[@bib14]^ Similarly, CTSL-deficient mice develop age-dependent myocardial fibrosis and hypertrophy.^[@bib10]^ Despite these observations, the role of CTSL and CTSB in the pathogenesis of liver fibrosis remains unclear.

Thus, our aim was to examine the expression and clinical relevance of CTSL and CTSB in the pathogenesis of liver fibrosis. In this study, we investigated the role of CTSL and CTSB in experimental models, including carbon tetrachloride (CCl~4~)-induced liver fibrosis and *Abcb4−/−* knockout mice. Mice deficient in multidrug resistance *Abcb4* gene spontaneously develops fibro-obliterative sclerosing cholangitis and biliary fibrosis caused by the release of toxic bile acids into portal tracts.^[@bib15]^ We also assessed the diagnostic and clinical significance of plasma and hepatic CTSL and CTSB levels in patients with different stages of liver cirrhosis.

Methods
=======

CCl~4~-induced liver fibrosis in mice
-------------------------------------

All studies were approved by the Institutional Animal Ethical Committee (641/IAEC/11) and procedures were followed according to the Indian National Science Academy guidelines for the use and care of experimental animals. Male Swiss albino mice (30--50 g, 8--10-week old) obtained from the Central Animal Facility of All India Institute of Medical Sciences were randomized into two groups each consisting of 6 animals. One group was intraperitoneally injected with a 1:4 (v/v) mixture of CCl~4~ (1 ml/Kg, body weight, M.P. Biomedicals, Solon, OH) and olive oil twice a week over a period of 10 weeks. Another group received an equal volume of olive oil alone. Animals were killed under an overdose of anesthesia (pentobarbitone sodium 100 mg/kg, intravenous) 2 days after the administration of last dose. A portion of liver from each animal was fixed in 10% neutral buffered formalin for histological and immunohistochemical analysis. The remaining liver was immediately snap-frozen in liquid nitrogen for the extraction of total RNA.

Abcb4*−/−* mice
---------------

The study was performed with permission of the State of Hesse, Regierungspräsidium Giessen, according to section 8 of the German Law for the Protection of Animals. Characterization of *Abcb4−/−* genotype, hepatic fibrosis phenotype and routine analysis has been described elsewhere.^[@bib15]^ Hepatic fibrosis in *Abcb4−/−* mice was analyzed quantitatively by assessment of hydroxyproline as described earlier.^[@bib16]^ Liver samples from 4 (wild type=7, *Abcb4−/−*=7); 8 (wild type=9, *Abcb4−/−*=8) and 16 (wild type =10, *Abcb4−/−*=9) week old mice were analyzed for the CTSL and CTSB mRNA expression by real-time PCR.

Patients and clinico--pathological data collection
--------------------------------------------------

The Institutional Human Ethics Committee approved this study before its commencement (IESC/T-341/2.09.2011).

Human liver biopsy specimens
----------------------------

The present study included a total of 51 paraffin-embedded archival liver tissues, which were retrieved from the Department of Pathology, All India Institute of Medical Sciences, Delhi, India. Samples were examined for fibrosis after Sirius red staining by a panel of pathologists and were graded on a scale of 0 (none) to 6 (cirrhosis) as per the modified Ishak fibrosis staging system.^[@bib17]^ There were 28 specimens with liver cirrhosis due to varied pathologies, including non-alcoholic steatohepatitis (NASH) (*n*=6), extrahepatic biliary atresia (*n*=9), chronic hepatitis (*n*=4), autoimmune hepatitis (*n*=5), and chronic alcohol abuse (*n*=4). Ten needle liver biopsies from chronic hepatitis B or C virus-infected patients (CVH) with no or minimal liver fibrosis were also included. Thirteen histologically normal liver biopsies with maintained liver functions served as control in the present study. The clinical details of the patients along with corresponding pathological data are summarized in [Supplementary Table S1](#sup1){ref-type="supplementary-material"}.

Plasma samples
--------------

Fifty-one patients with confirmed diagnosis of liver cirrhosis who visited Gastroenterology OPD of All India Institute of Medical Sciences between 2011 and 2013 were enrolled in the study after their informed consent. Diagnosis of liver cirrhosis in these patients was based on parameters including stigmata of chronic liver disease, ascites, history of gastrointestinal bleeding, overt/subclinical encephalopathy, and coagulopathy. Furthermore, biochemical/hematological investigations such as hemoglobin, platelet count, transaminase ratio, bilirubin, albumin, and prothrombin time were also taken into consideration. Ultrasound examination of the abdomen was performed to look for features of the chronic liver disease in the form of the shrunken liver with altered echotexture, portal hypertension with portal vein size of \>12 mm along with collaterals, increase in splenic size, and presence of ascites. Upper gastrointestinal endoscopy was performed to look for esophageal varices and gastropathy, a feature of portal hypertension. Child--Pugh--Turcott score was calculated based on serum bilirubin level, serum albumin, ascites, prothrombin time, and grade of encephalopathy to assess the severity of the disease. However, liver biopsy could not be performed in most of the cases owing to ethical issues or contraindication in the form of impaired coagulation parameters and ascites. To ascertain etiology of cirrhosis, serology for hepatitis B and C virus infection, autoimmune markers, serum ceruloplasmin, copper, and iron were performed. History of alcohol intake was taken and blood sugar levels, lipid profile, and thyroid function test was carried out to diagnose NASH or alcoholic steatohepatitis as the possible etiology. Other known serum biomarkers used in the clinic such as aspartate aminotransferase/platelet ratio index (APRI) and fibrosis index (FIB-4) were also calculated for controls and patients as described previously.^[@bib18],\ [@bib19]^ All the patients were treated as per their need. For instance, those having ascites were put on diuretics and salt restrictions and those having features of portal hypertension were put on beta-blockers prophylaxis or on combination of endoscopic variceal ligation and endoscopic scelerotherapy schedule. All were advised to abstain from alcohol consumption. Patients with viral etiology were treated with antivirals if indicated and those having NASH were put on antioxidants. Several clinical and biochemical parameters that were obtained for 51 patients has been summarized in [Table 1](#tbl1){ref-type="table"}. Plasma samples from 15 healthy controls with no previous history of any liver damage served as controls in the study. Plasma was obtained from heparinized blood by centrifugation at 3,000 *g* for 10 min within 2 h of collection.

Liver histology
---------------

Liver tissues were fixed in 10% neutral buffered formaldehyde, embedded in paraffin blocks, and sliced into 5-μm-thick sections. The deparaffinized sections were then stained with hematoxylin--eosin or 0.1% Sirius red--picric acid solution (Sigma-Aldrich, Saint Louis, MO) followed by examination under the light microscope (Olympus BX51 Microscope, Olympus, Melville, NY). All the sections were analyzed and scored for the fibrosis by two expert pathologists, who were blinded about the study.

RNA isolation and real-time PCR
-------------------------------

Total cellular RNA from mice liver tissues was extracted using the RNeasy Mini Kit (Qiagen, Valencia, CA) and cDNA was synthesized using RevertAid Reverse Transcriptase (MBI Fermentas, Vilnius, Lithuania) according to the manufacturer's protocol. Real-time PCR reaction contained 200 ng of cDNA sample, SYBR green/ROX Mastermix (Thermo Scientific, Vilnius, Lithuania), and set of primers (IDT Technologies, Delhi, India) specific for mouse CTSL^[@bib20]^ and CTSB^[@bib21]^ (see [Supplementary Table S2](#sup1){ref-type="supplementary-material"}). PCR conditions comprising 40 cycles of denaturation at 94 °C for 30 s, annealing at 56 °C for 30 s, and extension at 72 °C for 30 s were performed in ABI Prism 7500 thermocycler (Applied Biosystems, CA). Fold change over controls were calculated using the ΔΔC~t~ method and transcripts were normalized to 18S ribosomal RNA.

Immunohistochemistry
--------------------

Paraffin-embedded 5-μm-thick liver sections were deparaffinized in xylene and rehydrated through a gradient of alcohol to water. Thereafter, antigen retrieval was carried out by boiling the slides in prewarm citrate buffer (0.01 mol/l; pH=6) in a microwave oven at 800 W for 12 min and 480 W for 5 min. Sections were incubated with hydrogen peroxide (0.3% v/v) for 30 min and then blocked with 5% serum solution for 1 h. Slides were then incubated overnight with goat polyclonal anti-CTSL (1:400; Sc6500; Santa Cruz, TX) or rabbit polyclonal anti-CTSB (1:400; ab58802; Abcam, Cambridge, UK) primary antibody at 4 °C. Primary antibody was replaced with the isotype-specific non-immune mouse IgG in the negative controls. Slides were washed thrice with tris-buffered saline (TBS, 0.1 [M]{.smallcaps}, pH, 7.4) and then incubated with the biotinylated secondary antibody for 1 h. Slides were incubated with ABC complex (VECTASTAIN, Burlingame, CA) for 30 min at room temperature and visualized using 3, 3'-diaminobenzidine (Dako CYTOMATION, Glostrup, Denmark). Slides were then counterstained with hematoxylin, mounted with DPX, and examined under the light microscope (Olympus BX51 microscope, Olympus, Melville, NY).

Scoring was carried out by two pathologists independently who were blinded about the diagnosis. A semiquantitative score (*H*-score) was calculated by the multiplication of staining intensity and distribution grades in bile ducts, fibrotic areas, hepatocytes, and non-parenchymal cells (stellate/kupffer cells). The intensity grades used were: 0 (no staining); 1 (weak); 2 (moderate); or 3 (strong). Grade 3 intensity was equal to the standardized positive control intensity. Distribution grades used for staining were: 0--10%=0; \>10--20%=1; \>20--40%=2; \>40--60%=3; \>60--80%=4; and \>80--100%=5. A total score was obtained by adding *H*-scores of each of these compartments.

Enzyme-linked immunosorbent assay
---------------------------------

Plasma levels of CTSL and CTSB were measured using the ELISA Kit (RayBiotech, Norcross, GA and Bosterbio, Pleasanton, CA, respectively) as per the manufacturer's instructions. In all, 100 μl of undiluted and 1:100 diluted plasma samples were added to the designated wells of CTSL and CTSB ELISA plate, respectively. Standard curves were generated and used to extrapolate the concentrations of these proteases using the GraphPad Prism 7.1 software (GraphPad Software, San Diego, CA).

Quantification of hepatic collagen
----------------------------------

Total hepatic collagen was assessed in liver tissues of cirrhotic and CVH patients by computer-assisted image analysis using the Image-Pro plus software 6.1 (Media Cybernetics, Rockville, MD). The Sirius red--stained slides were photographed sequentially under × 10 magnification, and pictures were then tiled using the Irfan View software (Version 4.40, Irfan Skiljan, Wiener Neustadt, Austria). Digitally stitched images were created to represent whole liver sections as on glass slides. Then, by using the calibrated image analysis software, the total fibrosis was quantified in the entire area (μm^2^) using segmentation technique.

Data analysis
-------------

Groups were compared using Mann--Whitney *U*-test or Kruskal--Wallis test as appropriate. Correlation analysis was performed by Spearman's rank-order correlation. The diagnostic performance of plasma CTSL, CTSB, and their combination was evaluated by receiver--operator characteristic (ROC) analysis. The optimal cutoff values were determined by maximizing the sum of sensitivity and specificity; corresponding positive predictive values and negative predictive values were calculated for these cutoff values. To test the diagnostic ability of the combination of plasma CTSL and CTSB, predictive probability values estimated by binary logistic regression with individual variables was used to construct ROC curves. Results have been expressed as mean±s.e.m. unless otherwise specified. All data were analyzed by the GraphPad Prism 7.1 statistical software (GraphPad Software) and STATA 12.0 (StataCorp LP, College Station, TX). \**P* values ≤0.05 were considered statistically significant.

Results
=======

Increased expression of CTSL and CTSB in experimental models of liver fibrosis
------------------------------------------------------------------------------

To determine the role of CTSL and CTSB in the pathogenesis of liver fibrosis, we analyzed the expression of these proteases in CCl~4~-induced liver fibrosis. Increased collagen accumulation and porto-portal bridging fibrosis (Ishak score 4--6) were observed in the liver of CCl~4~-challenged mice compared with that of the controls (see [Supplementary Figure S1a,b](#sup1){ref-type="supplementary-material"}). The hepatic CTSL mRNA levels were 3.8-fold higher (*P*=0.02) in CCl~4~-treated mice compared with vehicle-treated controls ([Figure 1a](#fig1){ref-type="fig"}). Similarly, a noticeable increase in CTSB mRNA was also observed in CCl~4~-treated mice ([Figure 1a](#fig1){ref-type="fig"}).

The expression and localization of CTSL and CTSB in CCl~4~-induced liver fibrosis were further assessed by immunohistochemistry. In controls, mild and discrete CTSL immunostaining was observed mainly in the hepatic stellate/Kupffer cells and some of the hepatocytes (arrows, [Figure 1b](#fig1){ref-type="fig"}), while CCl~4~-treated mice exhibited diffuse and intense cytoplasmic staining for CTSL predominantly in the hepatocytes, stellate/Kupffer cells, infiltrating macrophages, and fibroblasts ([Figure 1b](#fig1){ref-type="fig"}). CTSB expression was noted mostly in the non-parenchymal cells of the control liver and was similar to CCl~4~-treated mice liver ([Figure 1c](#fig1){ref-type="fig"}). No immunostaining was observed in the tissue sections that were used as negative controls for both CTSL and CTSB (see [Supplementary Figure S1c](#sup1){ref-type="supplementary-material"}). Immunoreactivity *H*-score of hepatic CTSL was significantly (*P*=0.01) higher in CCl~4~-treated mice (23±1.7) than that in the controls (15±1.4) ([Figure 1d](#fig1){ref-type="fig"}). However, no significant change in CTSB expression was observed after the CCl~4~ treatment ([Figure 1d](#fig1){ref-type="fig"}). These results suggest specific upregulation of CTSL expression in CCl~4~-induced liver fibrosis.

We also analyzed the expression of these proteases in *Abcb4−/−* mice model of liver fibrosis. Progressive periductular fibrosis was observed in the Sirius red--stained liver tissues of *Abcb4−/−* mice as compared with their wild-type controls (see [Supplementary Figure S1d](#sup1){ref-type="supplementary-material"}). Levels of CTSL and CTSB mRNA were significantly upregulated in 4-week-old *Abcb4−/−* mice compared with their age-matched wild-type littermates (*P*=0.02; [Figure 1e](#fig1){ref-type="fig"}). Although, 8-week-old *Abcb4−/−* mice exhibited relatively higher CTSL and CTSB mRNA expression compared with wild-type-BALB/c mice, the difference was not statistically significant. However, at 16 weeks the mRNA levels of these proteases were comparable between the two groups ([Figure 1e](#fig1){ref-type="fig"}).

Overexpression of CTSL and CTSB in cirrhotic liver tissues
----------------------------------------------------------

Having demonstrated the differential regulation of CTSL and CTSB in the experimental models of liver injury, we next sought to determine the expression of these proteases in biopsies from patients having liver cirrhosis, chronic hepatitis with histologically evident mild/no fibrosis, and controls. Liver sections from cirrhotic patients revealed typical perisinusoidal, porto-portal, and porto-central fibrosis (see [Supplementary Figure S2a](#sup1){ref-type="supplementary-material"}). Immunostaining for CTSL and CTSB was observed in hepatocyte, stellate/Kupffer cells, ductal cells, and septal fibroblasts, though the cellular expression levels were markedly distinct in all the three groups ([Figure 2a](#fig2){ref-type="fig"}). In the controls and CVH group, punctate cytoplasmic CTSL and CTSB immunoreactivity was noted in all the liver cells as described above. In patients with liver cirrhosis, the distribution and stain intensities of these proteases were markedly increased in the cytoplasm of ductal cells, macrophages, fibroblasts, and hepatocytes (indicated by arrows in [Figure 2a](#fig2){ref-type="fig"}).

The statistical analysis of immunohistochemical *H*-score revealed significantly higher CTSL expression in patients with liver cirrhosis (mean=51.3±2.2) as compared with CVH (36.3±4.1) or controls (40.9±2.8) (*P*=0.002; [Figure 2c](#fig2){ref-type="fig"}). Strong CTSL immunostaining above average mean total score of 51.3±2.2 was detected in 15 cases of cirrhosis, out of the 28 cases (54%), and remaining 13 specimens (46%) exhibited moderate immunopositivity. In 82% (19/23) of cirrhotic patients, intense and diffuse CTSB staining was observed in the hepatocytes, ductular epithelial cells, non-parenchymal cells, and septal fibroblasts. Immunoreactivity total scores revealed significantly higher CTSB abundance in cirrhotic patients (47±2.1) than controls (26±2.1) and CVH (27±2.9) (*P*\<0.0001; [Figure 2d](#fig2){ref-type="fig"}).

CTSL and CTSB expression increase with the collagen levels in liver tissues
---------------------------------------------------------------------------

In order to determine whether the expression of collagenolytic CTSL and CTSB modulates the matrix deposition in liver fibrosis, immunohistochemical scores were correlated with morphometrically measured Sirius red--stained fibrotic area in liver tissues from cirrhotic and CVH patient groups. Spearman's correlation analysis revealed a significant positive association of CTSL and CTSB immunostaining with the extent of hepatic ECM deposition (*r*=0.5, *P*=0.007 and *r*=0.64, *P*=0.0001, respectively; [Figure 3a](#fig3){ref-type="fig"}). Interestingly, CTSL and CTSB expression in fibrotic septa (*r*=0.62, *P*\<0.0001 and *r*=0.77, *P*\<0.0001, respectively) and bile duct epithelial cells exhibited a significant positive correlation (*r*=0.57, *P*=0.0003 and *r*=0.44, *P*=0.01, respectively) with collagen content ([Figure 3](#fig3){ref-type="fig"}).

Clinical significance of plasma CTSL and CTSB levels in patients with liver cirrhosis
-------------------------------------------------------------------------------------

Because CTSL and CTSB were significantly overexpressed in cirrhotic liver tissues, we measured the plasma levels of these proteases in patients with liver cirrhosis. Clinicopathological characteristics of patients with liver cirrhosis have been summarized in [Table 1](#tbl1){ref-type="table"}. Gradual stage-specific increase in the plasma CTSL and CTSB concentration was observed according to the Child--Pugh stages of the liver cirrhosis ([Figure 4a](#fig4){ref-type="fig"}). Median plasma concentration of CTSL (0.5 ng/ml, interquartile range (IQR) 0.16--0.63) and CTSB (331.4 ng/ml, IQR 227.9--440.8) were significantly higher (*P*\<0.0001) in patients at an early stage (stage A) of liver cirrhosis compared with the controls (CTSL, 0.12 ng/ml, IQR 0.09--0.27; CTSB, 141 ng/ml, IQR 132--276). Similarly, median plasma CTSL (0.55 ng/ml, IQR 0.36--0.74) and CTSB (601.9 ng/ml, IQR 355.2--922.8) levels in patients with severe liver cirrhosis (stage B+C) were significantly elevated (*P*\<0.0001) compared with the controls. Interestingly, CTSB concentration was remarkably higher in the patients with Child--Pugh stage B+C than in stage A liver cirrhosis (*P*\<0.002) ([Figure 4b](#fig4){ref-type="fig"}).

Association of plasma CTSL and CTSB levels with patient characteristics are given in [Table 2](#tbl2){ref-type="table"}. Among various clinicopathological parameters, CTSL (*ρ*=0.52, *P*\<0.01) and CTSB (*ρ*=0.68, *P*\<0.01) levels exhibited positive correlation with the severity of the fibrosis (Child--Pugh stage). Similarly, a direct correlation between plasma CTSL levels and neutrophil count (*ρ*=0.47, *P*=0.01) as well as total bilirubin concentrations (*ρ*=0.38, *P*=0.04) was also observed. However, plasma CTSB levels displayed a strong association with total bilirubin content (*ρ*=0.23, *P*=0.05) and inverse correlation with the albumin levels (*ρ*=−0.28, *P*=0.04) ([Table 2](#tbl2){ref-type="table"}). Interestingly, a strong correlation was observed between plasma CTSL and CTSB levels (*ρ*=0.34, *P*=0.02).

We performed ROC curve analysis to examine the diagnostic potential of elevated plasma CTSL and CTSB for the assessment of liver cirrhosis severity ([Figure 4c--f](#fig4){ref-type="fig"}) and compared their diagnostic performance with known serum biomarkers, such as FIB-4 and APRI ([Table 3](#tbl3){ref-type="table"}). ROC analysis revealed an optimal cutoff value of 0.27 ng/ml (80.4% sensitivity; 78.6% specificity) and 287.4 ng/ml (76.6% sensitivity; 80% specificity) for plasma CTSL and CTSB, respectively, to distinguish patients with liver cirrhosis from healthy controls ([Figure 4c](#fig4){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). For prediction of liver fibrosis, the area under the curve (AUC) for CTSL (0.91), CTSB (0.89), and their combination (0.96) ([Figure 4c](#fig4){ref-type="fig"}) was comparable to the discriminatory power of APRI (0.94) and FIB-4 (0.92). ROC analysis revealed similar observations when subgroups of patients with the increasing Child--Pugh stages were compared with healthy controls ([Figure 4d](#fig4){ref-type="fig"} and [Table 3](#tbl3){ref-type="table"}). For the advanced stage, the AUC of CTSL (0.97), CTSB (0.93), and their combination (0.99) was better than the diagnostic performance of FIB-4 (0.91) and APRI (0.94) ([Table 3](#tbl3){ref-type="table"}). Interestingly, an AUC value of 0.72 for CTSB was obtained for differentiating between patients with early and advance stages of liver cirrhosis, compared with an AUC of 0.62 and 0.68 for CTSL and their combination, respectively ([Figure 4f](#fig4){ref-type="fig"}). Furthermore, the AUC of CTSB for predicting early cirrhosis from the advance stage was superior to APRI (0.45) and FIB-4 (0.52) ([Table 3](#tbl3){ref-type="table"}). Thus CTSB holds better diagnostic value in differentiating late-stage cirrhotic subjects from those with early-stage liver diseases.

Discussion
==========

The primary objective of the present study was to assess the utility of CTSL and CTSB as blood-based biomarkers for liver fibrosis. Our results demonstrate significant upregulation of CTSL and CTSB expression in different murine models as well as in two independent cohorts of patients with liver fibrosis. We observed elevated levels of CTSL in the CCl~4~-induced liver fibrosis. Similarly, CTSL and CTSB levels were transiently increased during the active phase of biliary fibrosis in *Abcb4−/−* mice. Furthermore, the expression of these proteases was also significantly increased in the liver of fibrotic patients and positively correlated with hepatic collagen levels. Finally, we demonstrate progressive increase in plasma CTSL and CTSB concentrations with advancement in the stages of liver cirrhosis thereby suggesting their potential diagnostic utility as non-invasive biomarkers.

Liver biopsy has been used as gold standard for the diagnosis and staging of liver diseases but involves considerable disadvantages, such as sampling error and invasion.^[@bib19]^ Hence, continuous efforts are being made to identify novel serological biomarkers for liver cirrhosis. Cysteine cathepsins are very potent class of proteases that degrades various constituents of ECM, including elastin, proteoglycans, laminin, collagen (type I, XVIII, and IV), fibronectins, and other structural components of the liver.^[@bib10]^ Lysosomal proteases CTSL and CTSB have been implicated in ECM degradation and tissue remodeling during wound healing,^[@bib22]^ atherosclerosis,^[@bib23]^ cardiac,^[@bib6]^ pulmonary,^[@bib7]^ and renal fibrosis.^[@bib24],\ [@bib25]^ These proteases have also been proposed as diagnostic and prognostic biomarkers for various malignancies.^[@bib26]^ Consistent with these reports, we observed significantly higher mRNA and protein levels of hepatic CTSL in CCl~4~-treated mice when compared with the controls. This finding supports the pro-fibrotic role of this protease in experimental proteinuric kidney diseases^[@bib10]^ and diabetic nephropathy.^[@bib27]^ CTSB inhibition has been shown to reduce the ECM accumulation and liver damage in ischemia--reperfusion injury^[@bib13]^ and bile duct ligation model of liver fibrosis.^[@bib14]^ On the contrary, inhibition of CTSB activity did not mitigate CCl~4~-induced hepatocellular damage in mice.^[@bib28]^ We did not observe any significant difference in CTSB levels between CCl~4~-treated and control mice. Consistent with the findings of Moles *et al.*,^[@bib28]^ our results suggest that involvement of CTSB in liver damage could vary in different experimental models of hepatic fibrosis. Expression of CTSL and CTSB was further validated in *Abcb4−/−*mice that spontaneously develop liver injury and morphological features resembling primary sclerosing cholangitis. Bile duct injury in *Abcb4−/−* mice is initiated by the damage of tight junctions and basement membranes followed by leakage of bile to the portal tract resulting in periportal biliary fibrosis.^[@bib15]^ In *Abcb4−/−* mice, we observed a transient increase in the expression of hepatic CTSL and CTSB mRNA at 4 weeks of age that gradually declined and thereafter reached the basal level at 16 weeks. These results suggest that upregulation of these proteases may be an early event in hepatic fibrosis in *Abcb4−/−* mice. Popov *et al.*^[@bib29]^ also reported peak levels of pro-fibrogenic transcripts at 4 weeks and suggested this period to be the most active phase of progressive liver fibrosis in *Abcb4−/−* mice. Malignant tumor cell secret significant amount of these lysosomal proteases into the ECM that facilitates invasion and metastasis.^[@bib30]^ In view of these reports, it could be argued that CTSL and CTSB secreted by hepatic cells may disrupt the bile duct junctions and basement membrane, resulting in concomitant leakage of toxic bile acids into portal spaces, thereby contributing to the pathogenesis of biliary fibrosis in *Abcb4−/−* mice.

Consistent with our findings in experimental models, we observed significantly higher levels of CTSL and CTSB in the livers of patients with end-stage hepatic cirrhosis as compared with CVH patients and controls. Importantly, our results ruled out the effect of inflammatory activity associated with this pathology on the expression of these proteases as the histological hepatic CTSL and CTSB levels in CHV patients were comparable to that in controls. Similarly, CTSB levels were found to be elevated in the liver of patients with NASH.^[@bib31]^ Immunohistochemical analysis of liver biopsies revealed granular (lysosomal) staining pattern for these proteases in controls, whereas diffuse and irregular cytoplasmic staining suggestive of their release from the lysosomal compartments was evident in patients with liver cirrhosis. These results are in good agreement with the previous report that demonstrated redistribution of hepatic CTSB from endosomal compartments to the cytosol in non-alcoholic fatty liver disease.^[@bib12]^ Murawaki and colleagues also demonstrated elevated CTSL and CTSB activities in autopsied fibrotic livers and reported a positive correlation with hydroxyproline levels.^[@bib32]^ Thus our results, in agreement with previous findings, demonstrate a strong association of these proteases with the hepatic collagen accumulation. Interestingly, renal cathepsin L, K, S, and C levels were found to be significantly upregulated in the mice model of chronic kidney disease and their selective inhibition by E64d impaired collagen degradation.^[@bib24]^ Moreover, lysosomal destabilization and release of CTSB into cytosol has been shown to induce hepatocyte apoptosis in free fatty acid--mediated lipotoxicity.^[@bib12],\ [@bib33]^ Furthermore, CTSB mediates the activation of stellate cells into ECM-producing fibroblasts, which have a key role in liver fibrosis.^[@bib28]^ Thus these proteases may have a significant role in altering the tissue microenvironment, ECM remodeling, hepatocytic death, and activation of myofibroblasts during the progression of liver fibrosis.

To the best of our knowledge, this study for the first time demonstrates a parallel increase in plasma CTSL and CTSB concentrations with the severity (Child--Pugh stages) of liver cirrhosis. As hepatic expression of CTSL and CTSB was studied in archival tissues, we did not have access to plasma of the same patients. Therefore, in the present study, CTSL and CTSB levels were estimated in an independent cohort of plasma samples obtained from patients with different stages of liver cirrhosis and healthy controls. The results of plasma patient cohort used in our study nevertheless reflected the tissue levels of CTSL and CTSB. Leto *et al.*^[@bib34]^ also reported elevated serum CTSB levels in patients with liver cirrhosis and hepatocellular carcinoma patients. Our study is the first clinical investigation that reveals the diagnostic utility of plasma CTSL and CTSB in predicting liver cirrhosis. Based on the ROC analysis, CTSL, CTSB, and their combination emerged as strong diagnostic markers with AUCs 0.91, 0.89, and 0.95, respectively, for assessment of liver fibrosis compared with controls. Furthermore, the performance of these proteases was comparable to that of other non-invasive indirect biomarkers, such as APRI (0.94) and FIB-4 (0.92). However, it is noteworthy that plasma CTSB with AUC (0.72) showed better performance than APRI (0.45) and FIB-4 index (0.52) to differentiate intermediate stages of liver cirrhosis. Thus, plasma levels of CTSL and CTSB reflected the extent of disease severity in patients with liver cirrhosis irrespective of the etiology. Although our results demonstrate the clinical utility of CTSL and CTSB in liver cirrhosis, this pilot study has several limitations. The statistical power of our findings can be improved by performing the study in a large cohort of patients. Furthermore, CTSL and CTSB levels have been validated in an independent cohort of plasma samples that includes patients with different stages of liver cirrhosis as obtaining liver biopsies of each patient was not feasible. Hence, it will be desirable to study the expression of CTSL and CTSB in liver biopsies and plasma of the same individuals.

In summary, our study demonstrates upregulation of CTSL and CTSB expression in chronic liver diseases and suggests their pathogenic link with hepatic fibrosis. In view of their ability to degrade ECM, these proteases may assist in hepatic remodeling and alterations of ECM after injury. Furthermore, plasma CTSL and CTSB were identified as a powerful diagnostic blood-based marker to assess the severity of liver fibrosis. However, large-scale studies are warranted to substantiate the diagnostic performance of these lysosomal proteases as non-invasive biomarkers of liver fibrosis.
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================
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![Upregulation of hepatic cathepsin L (CTSL) and cathepsin B (CTSB) expression in experimental liver fibrosis. Mice were intraperitoneally injected with carbon tetrachloride (CCl~4~) or vehicle (olive oil) twice a week for 10 weeks. Hepatic CTSL and CTSB levels were evaluated by real-time PCR and immunohistochemistry. (**a**) Relative CTSL mRNA expression was significantly increased in the liver of CCl~4~-treated mice while CTSB levels were comparable. (**b**, **c**) Representative pictures of CTSL and CTSB immunostaining in control and CCl~4~-treated livers. Liver section from control exhibits granular CTSL immunostaining pattern while in CCl~4~-treated mice diffuse and strong cytoplasmic staining is evident in the hepatocytes, bile duct epithelium, fibroblasts, and Kupffer cells as indicated by arrows (Original magnification, × 200). (**d**) Quantification of immunostained CTSL and CTSB revealed overexpression of CTSL in the liver of CCl~4~-treated mice (values are mean±s.e.m., *n*=6), \**P*≤0.05 compared with controls. (**e**, **f**) Temporal expression of hepatic CTSL and CTSB transcript levels were quantified in *Abcb4−/−* mice and their wild-type littermates. Compared with wild-type controls, CTSL and CTSB expression were significantly higher in *Abcb4−/−* at 4 weeks but gradually decreased to the basal levels by 16 weeks (mean±s.e.m., *n*=at least 7 mice in each group). \**P*≤0.05 compared with wild-type controls.](ctg201725f1){#fig1}

![Elevation in hepatic cathepsin L (CTSL) and cathepsin B (CTSB) expression in patients with liver cirrhosis. (**a**, **b**) Immunohistochemical localization of CTSL and CTSB in the human liver biopsies. In control liver tissue (*n*=13), punctuate pericanalicular cytoplasmic CTSL and CTSB expression was observed in hepatocytes (arrow), along with mild focal positivity in bile duct epithelial cells, and kupffer cells. Similar to controls, mild CTSL and CTSB immunoreactivity is seen in patients with chronic hepatitis (CVH, *n*=10). Whereas strong and diffuse immunostaining for both these proteases was evident in hepatocytes, ductal cells, infiltrating histiocytes, and fibrotic septae (indicated by arrows) in the liver of cirrhotic subjects (*n*=28) (Original magnification, × 200). (**c**, **d**) Total immunoscores of (**c**) CTSL and (**d**) CTSB were significantly higher in patients with liver cirrhosis compared with controls and CVH patients (mean±s.e.m., \*\**P*≤0.001 and \*\*\**P*≤0.0001, scores of fibrotic patients vs. the corresponding non-fibrotic controls, Kruskal--Wallis *H* test was used to compare the means of all the groups).](ctg201725f2){#fig2}

![Liver collagen content correlate with hepatic cathepsin L (CTSL) and cathepsin B (CTSB) expression. (**a**--**f**) Morphometrically measured Sirius red--stained fibrotic area in the livers of chronic hepatitis and cirrhotic patients exhibited a strong positive correlation with the score of CTSL (**a**--**c**) and CTSB (**d**--**f**) immunopositivity in whole liver tissue, fibrotic septae, and bile ducts, respectively. Correlation analysis was performed using Spearman-rank test and the individual data points represent samples from individual patients.](ctg201725f3){#fig3}

![Plasma levels of cathepsin L (CTSL) and cathepsin B (CTSB) increase with Child--Pugh stage of liver cirrhosis. (**a**, **b**) Comparison of plasma (**a**) CTSL and (**b**) CTSB levels in normal controls (*n*=15) and patients with liver cirrhosis (Child--Pugh stage A, *n*=20 and B+C, *n*=31). Plasma levels of CTSL and CTSB were significantly higher in patients with liver cirrhosis compared with healthy controls. CTSB levels were significantly increased in subjects with Child--Pugh stages B and C compared with patients with Child--Pugh class A liver cirrhosis (values are mean±s.e.m., \**P*≤0.05, \*\**P*≤0.001 and \*\*\**P*≤0.0001, Kruskal--Wallis *H* test was used to compare the means of all the groups). (**c**--**f**) The diagnostic accuracy of plasma CTSL, CTSB, and their combination in chronic liver disease with cirrhosis. Receiver--operating characteristic (ROC) curves was performed to determine the area under the curve (AUC) using plasma CTSL, CTSB, or their combination to predict hepatic cirrhosis (**c**) control vs. patients with liver cirrhosis (Child--Pugh stage A+B+C); (**d**) control vs. patients with Child class A liver cirrhosis; (**e**) control vs. patients with Child class B+C liver cirrhosis; (**f**) patients with Child class A vs. B+C liver cirrhosis.](ctg201725f4){#fig4}

###### Clinical characteristics of the patients with chronic liver diseases

  **Clinical parameter**                  **Median (range)**
  -------------------------------------- --------------------
  Age                                       36.0 (28--50)
  Gender, male/female                            43/8
  Child--Pugh stage A/B/C                      20/26/5
  *Etiology*                                       
   HBV                                         22 (43%)
   HCV                                          4 (8%)
   Alcohol                                     14 (28%)
   Cryotogenic                                 8 (16%)
   NASH                                         2 (4%)
   HBV+alcohol                                  1 (1%)
                                                   
  Hemoglobin, g/dl                         12.3 (6.5--15.6)
  Platelet count                            110 (34--377)
  Prothrombin time                            3 (1--10)
  Total bilirubin, mg/dl                    1.1 (0.4--4.1)
  Aspartate aminotransferase, U/l           46.5 (20--182)
  Alanine aminotransferase, U/l              40 (16--113)
  Alkaline phosphatase, U/l                 318 (25--672)
  Serum albumin, g/dl                        4 (2.5--5.1)
  Serum total protein, g/dl                 7.4 (4.5--8.7)
  Blood urea nitrogen, mg/dl                 23 (12--59)
  Creatinine, mg/dl                         0.8 (0.4--1.4)
  White blood count (× 10^3^ cells/ml)     5.6 (2.1--13.8)
  Neutrophil count (cells/ml)                65 (49--85)

HBV, Hepatitis B virus; HCV, Hepatitis C virus; NASH, non-alcoholic steatohepatitis.

###### CTSL and CTSB in relation to clinical parameters in patients with liver cirrhosis

  **Parameters**                 **CTSL**   **CTSB**                             
  ------------------------------ ---------- ---------- -------- ----- ---------- --------
  Age                            51         0.13          NS     51   0.05          NS
  Hemoglobin                     51         −0.08         NS     48   0.05          NS
  White blood count (cells/ml)   51         −0.03         NS     50   −0.08         NS
  Neutrophil count               49         0.47\*\*     0.01    45   0.19          NS
  Prothrombin time               49         −0.04         NS     45   0.23          NS
  Platelet count                 51         −0.08         NS     50   0.07          NS
  Sodium                         51         −0.03         NS     50   −0.20         NS
  Potassium                      51         −0.09         NS     50   0.06          NS
  Urea                           51         0.23          NS     49   −0.01         NS
  Creatinine                     51         0.16          NS     51   −0.03         NS
  Total bilirubin                51         0.38\*\*     0.04    50   0.23\*       0.05
  Aspartate aminotransferase     51         0.25          NS     50   0.21          NS
  Alanine aminotransferase       51         0.19          NS     51   −0.06         NS
  Alkaline phosphatase           51         0.08          NS     51   0.04          NS
  Serum total protein            51         0.15          NS     51   0.12          NS
  Serum albumin                  51         −0.16         NS     51   −0.28\*      0.04
  Child--Pugh stage              65         0.52\*\*    \<0.01   65   0.68\*\*    \<0.01
  CTSL                           ---        ---          ---     47   0.34\*       0.02
  CTSB                           47         0.34\*       0.02    ---  ---          ---

CTSB, cathepsin B; CTSL, cathepsin L; NS, not significant.

Correlations of plasma CTSL and CTSB with other clinical parameters were analyzed by Spearman rank correlation test, and data are presented for all the patients. For correlations of Child--Pugh stage with CTSL and CTSB, control values were also included. \*Indicates *P* value \<0.05. \*\**P*≤0.01.

###### Diagnostic accuracy of plasma CTSL, CTSB, or both for the assessment of liver cirrhosis

                                                                            **AUC (95%CI)**   **Sensitivity (%)**   **Specificity (%)**   **PPV (%)**   **NPV (%)**    **Cutoff (ng/ml)**
  ----------------------------------------------------------------------- ------------------- --------------------- --------------------- ------------- ------------- --------------------
  *Control vs. patients with liver cirrhosis (Child--Pugh stage A+B+C)*                                                                                               
   CTSL                                                                    0.91 (0.85--0.98)  80.4                  78.6                  93.2          52.3                 \>0.27
   CTSB                                                                    0.89 (0.81--0.98)  76.6                  80                    93            47.8                \>287.4
   CTSL+CTSB                                                               0.95 (0.91--1.00)  87.2                  85.7                  95.3          66.7                  ---
   APRI                                                                    0.94 (0.89--1.00)  87.1                  85                    61.3          42.3                 \>0.23
   FIB-4                                                                   0.92 (0.85--0.99)  88.2                  85.7                  95.7          66.7                 \>1.07
                                                                                                                                                                                
  *Control vs. patients with Child class A liver cirrhosis*                                                                                                           
   CTSL                                                                    0.82 (0.68--0.96)  80.0                  71.4                  80            71.4                 \>0.15
   CTSB                                                                    0.83 (0.69--0.97)  79.0                  73.3                  80.2          71.6                \>235.74
   CTSL+CTSB                                                               0.90 (0.80--1.00)  78.6                  78.6                  83            73                    ---
   APRI                                                                    0.94 (0.87--1.00)  85.0                  92.9                  94.4          81.3                 \>0.23
   FIB-4                                                                   0.93 (0.84--1.00)  85.0                  85.7                  89.5          80.0                 \>1.17
                                                                                                                                                                                
  *Controls vs. patients with Child class B+C liver cirrhosis*                                                                                                        
   CTSL                                                                    0.97 (0.93--1.00)  90.3                  85.7                  93.1          85.7                 \>0.28
   CTSB                                                                    0.93 (0.84--1.00)  85.7                  86.7                  93            85.2                \>317.17
   CTSL+CTSB                                                               0.99 (0.98--1.00)  92.7                  92.7                  96.2          86.7                  ---
   APRI                                                                    0.94 (0.88--1.00)  87.1                  92.3                  96.4          76.5                 \>0.23
   FIB-4                                                                   0.91 (0.83--0.99)  87.1                  85.7                  93.1          75.0                 \>1.07
                                                                                                                                                                                
  *Patients with Child class A vs. B+C liver cirrhosis*                                                                                                               
   CTSL                                                                    0.64 (0.48--0.80)  58.1                  55.0                  66.7          45.8                 \>0.53
   CTSB                                                                    0.72 (0.61--0.89)  73.9                  73.7                  82.1          65.2                \>430.6
   CTSL+CTSB                                                               0.68 (0.52--0.84)  60.7                  63.2                  70.8          47.8                  ---
   APRI                                                                    0.45 (0.28--0.63)  61.3                  45.0                  63.3          42.8                 \>0.35
   FIB-4                                                                   0.52 (0.35--0.69)  64.5                  50.0                  66.7          47.6                 \>2.6

APRI, aspartate aminotransferase/platelet ratio index; AUC, area under the curve; CTSB, cathepsin B; CTSL, cathepsin L; FIB-4, fibrosis index; NPV, negative predictive value; PPV, negative predictive value.

Estimated threshold for CTSL+CTSB is determined by logistic regression analysis.

AUC were calculated using receiver--operating characteristic curves. Cutoff values were determined by maximizing the sum of sensitivity and specificity.
